Abstract. Coarsening of particles during liquid phase sintering is known to be an example of Ostwald ripening. This coarsening process, in a fully wetting system, is simulated in three dimensions with a kinetic Monte Carlo model. The results from the simulation for microstructures, kinetics and particle size distributions are compared to available experimental findings. It is found that the average particle volume increases linearly with time and that the particle size distributions are consistent with those obtained experimentally, as in the W-Ni-Fe and Sn-Pb systems.
Introduction
The phenomenon of liquid phase sintering has been studied extensively not only because of its wide applicability to engineering materials but also because the presence of a liquid phase simultaneously increases both the density of the resulting compacts and the rate of particle coarsening. Particle coarsening in liquid phase sintering is believed to occur by Ostwald ripening [1] , where mass transports through the surrounding liquid medium among particles with the solubility variation determined by the Thomson-Freundlich equation [2] ln
where C ∞ and C r are the solubility of a solid particle with an infinite radius and a radius of r, respectively, and α is a function of the molecular weight and the density of solid particles, the gas constant and the temperature. γ is the interfacial free energy between the solid and liquid phases (assumed to be isotropic). If we have an ensemble of particles with a size variation, it is therefore expected that larger particles will grow at the expense of smaller ones.
For last 50 years, many attempts [3] [4] [5] [6] [7] [8] have been made to elucidate the underlying kinetics and resultant microstructures of liquid phase sintering. While all approaches predicted that the cube of the average radius increases linearly in time, the particle size distributions as solutions to the applicable differential equations remain unclear whether there exists a unique, stable solution to this problem. Moreover, those theoretical particle size distributions still exhibit deviations from available experimental data [9, 10] .
Some years ago Tikare and Cawley [11] used a simulation technique based on the twodimensional Monte Carlo Potts model to describe Ostwald ripening with a fully-wetting condition, showing the fair agreement between the simulated particle size distribution and the corresponding two-dimensional experimental distribution, both consistent with linear coarsening kinetics. In this paper we introduce a three-dimensional generalization of Tikare and Cawley's methodology [11] with the aim of generating simplified three-dimensional, two-phase microstructures from a physically-based model of liquid phase sintering. Finally, the results from the simulation for microstructures, particle size distributions and kinetics are presented.
Simulation Model 1. Initial Configuration
The simulation begins with setting up a discretized, three-dimensional simulation domain, defined as a set of identical cubic elements (voxels) stacked along three orthogonal directions and subject to periodic boundary conditions. Given such a simulation domain, two different kinds of voxels, representing solid and liquid phases, fill the domain with a prescribed composition. Liquid voxels are assigned a spin value of -1, while solid voxels are assigned integral values between 1 and Q to reflect local particle orientation. In this work, Q is chosen to be 500 and the solid fraction is fixed at 0.7. A typical configuration for an initial "random" microstructure is shown in Fig. 1 , where the gray scale highlights Q values and where, for clarity, the liquid phase is omitted. The volume fraction of the solid voxels is 0.7. Different gray scale means the different orientation (spin numbers) assigned to each solid voxel.
Site Exchange Mechanism
The diffusive dynamics of the simulation is given in terms of spin changes (swap and flip) with the energetics for Ostwald ripening in a fully-wetting condition while the mass of each phase is
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Recrystallization and Grain Growth III conserved throughout the simulation. Spin exchange between a solid-liquid voxel pair is only allowed because liquid-liquid diffusion is meaningless in this context and because it is assumed that solid-state diffusion is relatively slow. Whenever the total number of attempts to select a voxel pair reaches the total number of voxels in the simulation domain, N, regardless of its kind and interchange success, one unit of simulation time, denoted by 1 MCS (Monte Carlo Step), is considered to have elapsed. Upon selection of a solid-liquid voxel pair, the total energy of the system, E, is calculated, where To implement the Monte Carlo simulation the difference in energy, ∆E, between a selected configuration and a new configuration is calculated. The new configuration is generated by a solidliquid voxel interchange (swap) and a random orientation assignment (from 1 to Q) to the new solid position (flip). This "swap and flip" is accepted or rejected using the classical Metropolis method [12] with a probability
where k is the Boltzmann constant and T is the temperature of the system. This "swap and flip" processes correspond to the fundamental dissolution, diffusion and precipitation mechanisms that enable coarsening during the simulation.
Results

Microstructural Evolution
We considered first a 128x128x128 system with Q=500 and kT=1.6. The choice of this large Q value was made to inhibit particle coarsening via direct solid voxel exchange or via a particle coalescence mechanism rather than to prohibit explicitly these events. The temporal evolution of a simulated microstructure is shown in Fig. 2 
Particle Size Distribution
From the evolving microstructures one can tabulate the particle size distribution expressed as a function of normalized radius, R/<R>, where R is spherical equivalent radius. Any singular voxel or voxel aggregates containing less than some "cutoff" size must be excluded in the calculation since they are to be treated as "solutes" in the liquid medium. The choice of the "cutoff" size for this case was 13 voxels and how the number was chosen is explained in detail elsewhere [14] . 
Recrystallization and Grain Growth III
The temporal change in the particle size distribution from the simulation run is shown in Fig. 3 (a). At 6,000 MCS, the distribution curve is uneven with a relatively high peak at small sizes, implying that small particles are still being generated and that the system has not reached a steady state. As time elapses, the particle size distribution begins to exhibit statistical self-similarity [13] and this steady-state distribution persists throughout the simulation. Most notably, a comparison of the distributions obtained from the simulation with three-dimensional data obtained by serial sectioning on an 83W-Ni-Fe sample (in weight %) [9] and on samples of 78Sn-Pb and 52Sn-Pb (in volume %) [10] shows very good agreement (see Fig. 3 (b) ).
Kinetics
As briefly mentioned earlier, particle coarsening via Ostwald ripening is characterized by the following equation,
where <V> and <V O > are the average volume of the particles at time t and at zero initial time, respectively, and K is the coarsening rate constant. Fig. 4 . Typical particle coarsening curve from the simulation for solid volume fraction of 0.7 and at kT=1. 6 . Note that the curve shows the linear relationship as the system attains a steady state for Ostwald ripening. Figure 4 shows the particle coarsening curves obtained from a simulation with the solid volume fraction of 0.7 and kT = 1.6. The cutoff size of 13 was applied for this calculation. The coarsening rate, K, changes rapidly at initial simulation times and reaches to a constant value, signifying that the system attains a steady-state. The initial abrupt change in the coarsening curve is considered to be due to the continuous generation of small particles surpassing the cutoff size and the consistent imposition of cutoff size. From this data, one finds the steady-state K value to be 0.0034 (voxels per MCS)
Conclusion
In this work, a Potts model for two-dimensional, isotropic coarsening during liquid phase sintering [11] was extended to three dimensions with a fully-wetting condition. The compact shape s of the particles and the spatial distribution of the liquid phase show that the method did indeed produce a completely wetted microstructure. The resulting particle size distribution is similar to that found experimentally, and the associated kinetics is consistent with Ostwald ripening.
